Vibrio cholerae encodes a small RNA with homology to Escherichia coli RyhB. Like E. coli ryhB, V. cholerae ryhB is negatively regulated by iron and Fur and is required for repression of genes encoding the superoxide dismutase SodB and multiple tricarboxylic acid cycle enzymes. However, V. cholerae RyhB is considerably longer (>200 nucleotides) than the E. coli RNA (90 nucleotides), and it regulates the expression of a variety of genes that are not known to be regulated by RyhB in E. coli, including genes involved in motility, chemotaxis, and biofilm formation. A mutant with a deletion in ryhB had reduced chemotactic motility in low-iron medium and was unable to form wild-type biofilms. The defect in biofilm formation was suppressed by growing the mutant in the presence of excess iron or succinate. The wild-type strain showed reduced biofilm formation in iron-deficient medium, further supporting a role for iron in normal biofilm formation. The ryhB mutant was not defective for colonization in a mouse model and appeared to be at a slight advantage when competing with the wild-type parental strain. Other genes whose expression was influenced by RyhB included those encoding the outer membrane porins OmpT and OmpU, several iron transport systems, and proteins containing heme or iron-sulfur clusters. These data indicate that V. cholerae RyhB has diverse functions, ranging from iron homeostasis to the regulation of biofilm formation.
Iron plays a critical role in the cellular metabolism of almost all living organisms. Iron is required for processes as diverse as the tricarboxylic acid (TCA) cycle, electron transport, DNA metabolism, and response to oxidative stress. Because iron has the potential for catalyzing production of reactive oxygen species, excess iron can also pose a significant problem. The influx and intracellular fate of iron must therefore be tightly regulated. This is achieved in part through the action of the irondependent negative regulator Fur, which functions to coordinate the iron status of the cell with the expression of genes involved in iron transport, storage, and metabolism. Under iron-replete conditions, Fur complexes with the ferrous ion and blocks transcription of its regulon by binding to conserved regions termed Fur boxes within the promoter region of these genes. There is another layer of complexity in the scheme of iron-and Fur-dependent regulation. In Escherichia coli, certain genes involved in iron storage, iron metabolism, and antioxidant defense appear to be positively regulated by Fur (6, 36, 42) , and this was recently shown to be mediated through the action of a small RNA (sRNA), RyhB (26) . RyhB negatively regulates the expression of sodB (encoding superoxide dismutase), ftn and bfr (encoding ferritin and bacterioferritin), and several iron-sulfur cluster-containing TCA cycle enzyme genes, including the sdh operon (encoding succinate dehydrogenase) and acnA (encoding aconitase). Because RyhB is itself negatively regulated by Fur, the net effect is positive regulation of these genes under high-iron conditions, which promote the formation of the active Fur-Fe 2ϩ complex.
Positive regulation by Fur via an sRNA is not unique to E. coli. A similar system, which encodes two functional homologs of RyhB, PrrF1 and PrrF2, is present in Pseudomonas aeruginosa (59) . Although there is no detectable sequence conservation between E. coli RyhB and the PrrF sRNAs, the P. aeruginosa sRNAs control many of the same types of targets as RyhB, including sodB, sdh, and a probable bacterioferritin gene, PA4880.
The mechanism of regulation by RyhB (reviewed in reference 12) is posttranscriptional and involves base pairing between RyhB and its mRNA target and subsequent RNase E-mediated degradation of the RyhB-mRNA duplex (25, 33) . Like many reactions involving RNA-RNA interactions, this requires the Hfq protein. Hfq is thought to function as an RNA chaperone that facilitates formation of the sRNA-mRNA duplex by controlling access of the sRNA to the complementary regions of the target mRNA (11) . Another role of Hfq may be to protect the sRNA, as well as its mRNA targets, from degradation by blocking sites in the RNA that would otherwise be accessible to RNase E (25, 33) . Once duplexing between RyhB and its target mRNA has occurred, RNaseE cleavage sites presumably become exposed, since the entire complex is then rapidly degraded (25, 33) .
Vibrio cholerae, the causative agent of the diarrheal disease cholera, encodes a homolog of the E. coli Hfq protein (5, 22) . One strain of V. cholerae was shown to use an Hfq-dependent sRNA pathway to regulate quorum sensing and virulence gene expression (22) . Interestingly, Hfq, although needed for virulence, did not appear to modulate expression of known virulence factors in a different V. cholerae strain (5) . It is likely that a complex and strain-specific hierarchy of virulence gene regulation involving Hfq and multiple sRNAs exists in this pathogen.
V. cholerae has been shown to exert iron-and Fur-dependent negative regulation on many genes involved in iron acquisition (3, 17, 45 ) (A. R. Mey, E. E. Wyckoff, V. R. Kanukurthy, L. R. Fisher, and S. M. Payne, unpublished data). There have also been reports of positive regulation of V. cholerae protein expression by iron-bound Fur (23) . In addition, a fur mutant of V. cholerae was unable to use pyruvate, succinate, and fumarate as carbon sources, signaling possible defects in certain TCA cycle pathways (23) . This suggests that V. cholerae may use a system analogous to the E. coli RyhB mechanism for regulating genes encoding iron-containing proteins and those involved in iron metabolism. Indeed, Masse and Gottesman (26) found a region exhibiting significant sequence similarity to E. coli ryhB in a BLAST search of the V. cholerae genome sequence (16) using the complete E. coli ryhB sequence. In this study, we demonstrate iron-and Fur-dependent expression of the predicted V. cholerae RyhB sRNA and show that, in addition to recognizing many of the same targets as E. coli RyhB, V. cholerae RyhB has some unique functions, including the iron-dependent regulation of biofilm formation.
MATERIALS AND METHODS
Bacterial strains and plasmids and media. The bacterial strains and plasmids used in this study are listed in Table 1 . All strains were maintained at Ϫ80°C in tryptic soy broth plus 20% glycerol. The strains were routinely grown at 37°C in Luria (L) broth (1% tryptone, 0.5% yeast extract, 0.5% NaCl) or on L agar; in Luria-Bertani (LB) broth (1% tryptone, 0.5% yeast extract, 1% NaCl) or on LB agar; in EZ Rich Defined Medium (EZ RDM) (http://www.genome.wisc.edu /functional/protocols.htm), a modification of the Supplemented MOPS Defined Medium described by Neidhardt et al. (34) ; or in EZ RDM with no added iron (iron limited but not iron depleted; it supports growth of V. cholerae while causing induction of the Fur regulon [Mey et al., unpublished] ). Sucrose (0.2% final concentration) was added to EZ RDM as the carbon source. APW no. 3 medium was made as described by Ali et al. (1) . Iron-replete medium was prepared by the addition of ferrous sulfate (FeSO 4 ), and iron-depleted medium was prepared by the addition of ethylenediamine-di-(o-hydroxyphenylacetic acid) (EDDA), deferrated by the method of Rogers (44) . The concentrations of FeSO 4 and EDDA added varied depending on the medium and assay conditions used and are listed separately for each experiment in the relevant Materials and Methods section or figure legend. Antibiotics were used at the following concentrations for E. coli: 250 g of carbenicillin per ml, 50 g of kanamycin per ml, and 30 g of chloramphenicol per ml. For V. cholerae, the concentrations were 125 g of carbenicillin per ml, 25 g of kanamycin per ml, and 7.5 g of chloramphenicol per ml. Polymyxin B was used at 10 g per ml, and streptomycin was used at 75 g per ml. Electroporation of V. cholerae strains was carried out as described previously (37) .
PCR. The oligonucleotide primers for PCR (Table 2) were purchased from IDT Inc. (Coralville, IA). PCR was performed using Taq polymerase (QIAGEN) or Pfu polymerase (Stratagene) according to the manufacturer's instructions. Bacterial cultures grown overnight were used as the template. All clones derived from PCR fragments were verified by sequencing.
Promoter fusion studies. The predicted promoter region for V. cholerae ryhB was amplified by PCR using primers vryhB5 and vryhB6 ( Table 2 ). The PCR fragment was digested with NcoI and BamHI and cloned into pQF50 digested with NcoI and BamHI to yield pAML23. Following transfer of pQF50, pAML20, and pAML23 into O395 and ARM573 by electroporation, the transformed strains were grown to mid-log phase in iron-replete LB broth containing 40 M FeSO 4 or in iron-depleted LB broth containing 12.5 g EDDA per ml, and ␤-galactosidase activity was measured as described by Miller (30) .
Construction of chromosomal mutations in V. cholerae. Deletion of the V. cholerae ryhB gene was carried out by overlap extension PCR with primer pairs open reading frame VC0106 is marked with a blunted arrow. The promoter region, including a Ϫ35 and a Ϫ10 sequence (underlined), is shown in lowercase letters, while the V. cholerae (Vc) and E. coli (Ec) ryhB genes are shown in uppercase letters. The proposed Fur binding sequence is shaded in gray. The right-angled arrow indicates the start of V. cholerae ryhB, as predicted by sequence analysis and confirmed by 5Ј RACE. The vertical arrowheads delineate the sequence deleted from full-length ryhB to create the 5Ј-deleted ryhB allele (ryhB⌬5Ј) in pAMR73. The left vertical arrowhead also marks the 3Ј end of the sequence included in the lacZ promoter fusion constructs (the 5Ј end of that sequence corresponds to the Ϫ101 position of the sequence shown). The numbers flanking the sequences indicate the nucleotide position relative to the start of ryhB (ϩ1). Identical residues are marked with asterisks. (B) V. cholerae ryhB sequence features are conserved among members of 5708 MEY ET AL. INFECT. IMMUN.
vryhB1-vryhB2 and vryhB3-vryhB4 to amplify overlapping fragments, followed by amplification of the overlap extension product with primer pair vryhB1-vryhB4 to create the final ryhB⌬ allele containing a unique HpaI site. The PCR fragment was digested with SalI and cloned into the SalI site of pWKS30. The resulting plasmid was digested with HpaI, and the kanamycin resistance cassette from pUC4K was inserted into this site as a Klenow-blunted SalI fragment. The ryhB⌬::kan fragment was then excised using SalI and cloned into the pirdependent suicide vector pHM5 digested with SalI to create pAMS10. pAMS10 was conjugated from DH5␣(pir) into the relevant V. cholerae strain using the helper strain MM294/pRK2013, and allelic exchange was performed as described previously (29) . To create a deletion within the V. cholerae fur gene, primer sets fur1-fur2 and fur3-fur4 were used to synthesize overlapping fragments, and primers fur1 and fur4 were used to amplify the overlap extension product. The fur⌬ product containing a unique HpaI site was digested with EcoRV and SalI and cloned into pWKS30 digested with EcoRV and SalI. The resulting plasmid was digested with HpaI to allow insertion of an SmaI fragment derived from pMTLtmp (E. E. Wyckoff) containing a trimethoprim resistance cassette. The fur⌬::tmp allele was cloned as an EcoRV/XhoI fragment into pHM5 digested with EcoRV and SalI to yield pAMS12, and pAMS12 was transferred to V. cholerae for allelic exchange as described above. To create the deletion in the mshA gene, a fragment containing just the 5Ј end of mshA was PCR amplified using primers mshA1 and mshA2, digested with BglII and SalI, and cloned into pHM5 digested with BglII and SalI to create pSAC10A. A second PCR fragment containing just the 3Ј end of the mshA gene was synthesized using primers mshA3 and mshA4, digested with SalI and XbaI, and cloned into pSAC10A digested with SalI and XbaI to yield pSAC10B. The kan cassette from pUC4K was inserted as a SalI fragment into the SalI site of pSAC10B to generate pSAC10C. pSAC10C was transferred from SM10(pir) into N16961 by conjugation, and allelic exchange was carried out as described above. All mutations were verified by PCR. Construction of V. cholerae RyhB expression plasmids. The full-length V. cholerae ryhB gene was amplified by PCR using primers vryhB12 and vryhB14. The PCR product was digested with EcoRI and HindIII and cloned into pQE-2 digested with MfeI and HindIII for IPTG (isopropyl-␤-D-thiogalactopyranoside)-inducible expression of ryhB in pAMR70. Induction of this construct was achieved using 200 M IPTG. To express ryhB from its native promoter, a PCR fragment, generated using primers vryhB1 and vryhB4, was digested with PvuII and MscI and cloned into pBlueskript-SK (Stratagene) digested with SmaI. The ryhB insert was then excised using BamHI/EcoRV and cloned into pWKS30 digested with BamHI/EcoRV to yield pAMR72. To express the 5Ј-deleted ryhB allele (missing 60 nucleotides at the 5Ј end compared to full-length ryhB in pAMR72) (Fig. 1A ) from its native promoter, primer sets vryhB20-vryhB21 and vryhB22-vryhB23 were used to create overlapping fragments containing the deletion, and primers vryhB20 and vryhB23 were used to amplify the overlap extension product. This fragment was cloned as a BamHI/EcoRV fragment into pWKS30 digested with BamHI/EcoRV to yield pAMR73.
Sequence analysis. DNA sequencing was performed by the University of Texas Institute for Cellular and Molecular Biology DNA Core Facility using an ABI Prism 3700 DNA Sequencer. Analysis of DNA sequences was carried out using MacVector 7.1.
RNA isolation and Northern analysis. Overnight cultures were diluted 1:200 into fresh LB broth containing 5 g of EDDA per ml and grown to an optical density at 650 nm of 0.8. Cells were harvested, and RNA was extracted using RNeasy midi-columns (QIAGEN) according to the manufacturer's instructions. Northern hybridization was carried out using the NorthernMax system (Ambion). Briefly, 10 g of each RNA sample was separated in a 1.8% denaturing agarose gel, transferred to a positively charged nylon membrane (BrightStarPlus; Ambion) by downward capillary transfer, and subjected to UV light crosslinking (GS Gene Linker UV chamber; Bio-Rad). The ryhB probe was generated by PCR using primers vryhB8 and vryhB13, and the sodB probe was made by PCR using primers sodB1 and sodB2. The DNA probes were labeled using the BrightStar Psoralen-Biotin Nonisotopic Labeling Kit (Ambion). Following hybridization, the biotinylated probes were visualized using the BrightStar Biodetect Nonisotopic Detection Kit (Ambion). Equal loading of the RNA samples was determined by ethidium bromide staining and visualization under UV light.
5 RACE. 5Ј rapid amplification of cDNA ends (RACE) was performed as described by Frohman et al. (9) with modifications. Total RNA was isolated from V. cholerae strains grown to late log phase in EZ RDM with no added iron or in LB broth containing 5 g of EDDA per ml as described above. Five micrograms of each RNA sample was used as a template for a reverse transcriptase (RT) reaction with primer vryhB13 (25 pmol) using Superscript II RT (Invitrogen) according to the manufacturer's instructions. The resulting cDNA was purified over a Mini Elute column (QIAGEN), and A tailing of the cDNA was carried out using terminal deoxynucleotidyltransferase (Promega) as described previously (9) . The postreaction volume was brought to 100 l with 10 mM Tris-HCl, pH 8.0-1 mM EDTA, and 1 l of this was used in the subsequent amplification steps. The A-tailed cDNA products were amplified as follows. After denaturation at 94°C for 5 min and annealing of primer polyT-ClaI at 50°C for 2 min, the products were extended at 72°C for 40 min. This was followed by a standard PCR amplification using primers polyT-ClaI and vryhB10 in 30 cycles of 94°C for 30 seconds, 50°C for 30 seconds, 72°C for 1 min, and a final extension at 72°C for 7 min. The amplified products were resolved on a 1.5% agarose gel, purified over QIAquick columns (QIAGEN), and sequenced using primer vryhB10.
Microarrays. The V. cholerae microarray slides were generated at the University of Texas at Austin Microarray Facility using a set of oligonucleotides (Oligator Custom DNA Synthesis; Illumina) representing the complete genome of V. cholerae N16961 (16) plus V. cholerae ryhB. The arrays were printed by a robotic arrayer onto poly-L-lysine-coated glass slides. A set of V. cholerae microarray slides was also obtained from the Pathogen Functional Genomics Resource Center at the Institute for Genomic Research. To isolate total RNA, bacterial strains were grown to mid-or late log phase in EZ RDM with no added iron (N16961 strains) or in LB plus 5 g/ml EDDA (O395 strains), and equal numbers of bacteria were harvested from the reference and the test strain by centrifugation. Total RNA was extracted from the cells using RNeasy midi-columns (QIAGEN) according to the manufacturer's instructions. With the use of 15 g of total RNA per sample, cDNA was synthesized in the presence of amino-allyl deoxyuridine triphosphates in an RT reaction with Superscript II. Cy3 fluorescent dye (Amersham Biosciences) was coupled to the reference sample; Cy5 was coupled to the test sample. Following purification of the two labeled cDNA samples using the Mini Elute PCR purification kit (QIAGEN), a cDNA probe mixture was generated and applied to the array surface for hybridization at 65°C for 4 h. After hybridization, the arrays were washed, dried, and then scanned using a GenePix 4000 B scanner (Axon Instruments). The fluorescence intensities were determined using the GenePix Pro 4.2 software package. The Longhorn Array Database (http://chipmunk.icmb.utexas.edu/ilat/) was used to perform data filtering and analysis (19) . Only gene features ("spots") that passed certain quality control filters, including minimum intensity and pixel consistency, were included for further analysis. Differential expression was considered significant if the  log 2 R  was Ն1, where R is the normalized red/green ratio.
Biofilm assays. The biofilm assays were performed as described by O'Toole and Kolter (39) with modifications. Single colonies from freshly streaked LB agar plates were inoculated into LB broth with the appropriate antibiotics and incubated at 37°C with shaking overnight. The overnight cultures were diluted 1:100 into EZ RDM with no added iron and further incubated overnight at 37°C with shaking. The EZ RDM low-iron medium was chosen in order to more closely match the conditions used for the microarrays. These cultures were freshly diluted approximately 1:50 into EZ RDM (with or without additional supplements, as described in the relevant figure legends), diluting each strain proportionally to match the inoculum size of the wild-type strain. Chemotaxis assays. The chemotactic-motility assays were performed as described by Gardel and Mekalanos (10) . Briefly, an inoculating wire was used to stab single colonies into chemotaxis agar (L broth plus 0.3% agar). The plates were incubated at 37°C for 8 to 10 h, and the diameter of the test strain swarm zone was compared with the diameter of the parental-strain swarm zone.
Isolation of V. cholerae rugose colonies. To promote switching of N16961 to the rugose morphotype, cultures were grown statically for 24 h at 37°C in APW no. 3 and then plated on L agar and incubated for 24 h at 30°C, as described by Ali et al. (1) . The rugose colonies were identified visually.
In vivo competition assays. In vivo competition assays were performed using 5-day-old BALB/c mice as described by Taylor et al. (49) . Prestarved mice were inoculated intragastrically with 50 l saline containing 0.5% sucrose, 0.02% Evan's Blue dye, and 2 ϫ 10 5 CFU of each competing strain grown to mid-log phase. The mice were sacrificed after 24 h, and the small intestines were isolated and homogenized in sterile phosphate-buffered saline. Serial dilutions were plated on media selective for all viable V. cholerae cells and then replica plated on differential media to determine the viable counts for each strain. The output ratios were normalized to the input ratios to determine the competitive index.
RESULTS
Organization and sequence features of the ryhB locus in V. cholerae. The putative V. cholerae ryhB gene is located on the large chromosome (V. cholerae chromosome I) between open reading frames VC0106 and VC0107, both of which encode hypothetical proteins. Over the 90-nucleotide stretch of V. cholerae ryhB that aligns with E. coli ryhB, the V. cholerae ryhB gene shares 56% identity with E. coli ryhB, and the predicted V. cholerae RyhB sRNA contains the highly conserved 30-nucleotide region that forms the central stem-loop structure (26) in E. coli RyhB (Fig. 1A) . Based on an alignment of putative ryhB genes from several gram-negative species, a promoter region, including a Fur binding region, and a transcriptional start site had been assigned to the V. cholerae ryhB gene (26) . However, inspection of the nucleotide sequence shows that the proposed Fur binding site is a poor match to Fur boxes found in V. cholerae, as well as in E. coli (40) , suggesting that V. cholerae ryhB may not be regulated by Fur or may have a Fur-regulated promoter elsewhere. Analysis of the sequence upstream of ryhB indicates that the latter may be the case. A sequence bearing significant identity to several known Fur boxes in V. cholerae (74% identity to the candidate Fur boxes of vibA [60] and viuP [61] ) and in E. coli (79% identity to the fepB Fur box [7] ; 74% identity to the iucA Fur box) and flanked by potential Ϫ35 and Ϫ10 sequences is present nearly 100 bases upstream of the previously predicted ϩ1 site (Fig. 1A) . This suggests that V. cholerae ryhB may be transcribed from an iron-regulated promoter upstream of the previously predicted ryhB start site, potentially adding almost 70 nucleotides to the 5Ј end of the V. cholerae ryhB transcript compared with the E. coli ryhB transcript. V. cholerae RyhB may also be longer than E. coli RyhB at the 3Ј end; the first potential Rho-independent terminator sequence for V. cholerae ryhB commences approximately 33 nucleotides downstream of the previously predicted 3Ј end of the ryhB gene (26) , suggesting that the V. cholerae RyhB sRNA carries a 3Ј extension compared to E. coli RyhB (Fig. 1A) . Based on these new predictions for the location of a Furregulated promoter upstream of ryhB and a Rho-independent terminator downstream of ryhB, we calculate the length of the V. cholerae RyhB sRNA to be greater than 200 nucleotides, compared with 90 nucleotides for E. coli RyhB.
Among the Vibrionaceae sequenced to date, the longer RyhB seems to be the predominant form. An alignment of V. cholerae ryhB with putative ryhB genes from Vibrio parahaemolyticus and two strains of Vibrio vulnificus, YJ016 and CMPC6, FIG . 2. Regulation of V. cholerae ryhB by iron and Fur. The activity of a hutA-lacZ (pAML20) and a ryhB-lacZ (pAML23) transcriptional fusion in high-and low-iron conditions was measured in the wild-type (O395) and the fur mutant (ARM573) strain backgrounds. Bacterial cultures were grown to mid-log phase in iron-replete media (plus FeSO 4 ; high iron) or in iron-depleted media (plus EDDA; low iron), and ␤-galactosidase activity was measured as described in Materials and Methods. The data represent the averages of three independent experiments. Standard deviations are indicated by the error bars. identified in BLAST searches of the completed genomes (4, 20, 24) using V. cholerae ryhB, shows that the promoter region, including the predicted Fur binding sequence, as well as the predicted Rho-independent terminator sequence, is highly conserved among these Vibrio species (Fig. 1B) . At 233 nucleotides, the predicted V. parahaemolyticus RyhB is the longest, followed by V. vulnificus RyhB at 224 nucleotides and V. cholerae RyhB at 214 nucleotides. These predicted RyhB sRNAs all contain the highly conserved central region found in E. coli RyhB but also exhibit significant homology throughout the predicted 5Ј region, suggesting that there may be a common function for this segment of the RyhB molecule. One member of the sequenced Vibrionaceae, Photobacterium profundum, has a putative ryhB gene (identified in a BLAST search of the completed P. profundum genome [52] using V. cholerae ryhB) that is more similar to E. coli ryhB than to V. cholerae ryhB, with an almost identical Fur box and a very similar organization of the 5Ј end (Fig. 1C) . It is not clear how large this RyhB sRNA is, however, since no obvious terminator was found downstream of the highly conserved region (Fig. 1C and data not shown). These findings suggest that, while certain functions of RyhB are likely highly conserved among the gram-negative organisms, other functions may be specific to families and even to genera within the same family.
Regulation of V. cholerae ryhB expression by iron and Fur. To determine whether the candidate Fur-regulated promoter upstream of the V. cholerae ryhB gene is functional, a 108-basepair fragment, including the predicted Fur box and Ϫ35 and Ϫ10 sequences, but none of the downstream sequence (Fig.  1A) , was cloned upstream of the promoterless lacZ gene in pQF50 to create pAML23. As a control, a similarly constructed transcriptional fusion between lacZ and the iron-and Furregulated promoter for hutA (17) , pAML20 (29) , was included in the study. V. cholerae strains carrying the promoter fusion constructs were grown to mid-log phase in either high-or low-iron conditions, and ␤-galactosidase activities were measured. In the wild-type strain O395, the hutA and ryhB promoters were both strongly induced in response to iron starvation, with the hutA promoter fusion exhibiting a 6-fold increase in expression and the ryhB promoter fusion showing a Ͼ10-fold increase in expression in iron-limited media (Fig. 2) . In the absence of fur, the level of repression in response to high iron was markedly decreased, showing that both of these fusions respond to the presence of iron and Fur. These data indicate a RNAs were isolated from the parental strain and the ryhB mutant or from the ryhB mutant and the ryhB overexpression strain grown to late log phase and analyzed using microarrays.
b Mean expression of gene was at least twofold higher in the ryhB mutant of N16961 than in the wild-type parental strain in three arrays. c Mean expression of gene was at least twofold lower in the ryhB mutant of O395 overexpressing ryhB than in the ryhB mutant carrying the vector in three arrays. d Mean expression of gene was at least twofold higher in the ryhB mutant of O395 than in the wild-type parental strain in three arrays.
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V. CHOLERAE RyhB 5711 that the sequence upstream of ryhB in V. cholerae functions as an iron-and Fur-regulated promoter. Interestingly, loss of fur did not completely abolish regulation of these fusions by iron, indicating that there may be other iron-responsive regulatory elements operating in V. cholerae (Fig. 2) . This result is consistent with other V. cholerae studies showing residual iron regulation of Fur-controlled genes in the absence of Fur (17, 23) . Determination of the size and the transcriptional start site of V. cholerae RyhB. To determine whether V. cholerae RyhB is expressed from the upstream promoter as the full 214-nucleotide sRNA predicted by sequence analysis and promoter studies, O395 (wild type) and ARM572 (O395 ryhB⌬::kan) were grown to late log phase in low-iron media to induce expression of ryhB, and RNA was isolated and analyzed by Northern blotting. The data demonstrate that V. cholerae RyhB is highly expressed under the conditions described and that it is indeed Ͼ200 nucleotides in size (Fig. 3A) . No hybridizing band was visible at this position in the RNA sample from the ryhB mutant ARM572. An obvious implication of this result is that, because of its greater size, V. cholerae RyhB may have targets that differ from those of E. coli RyhB.
To pinpoint exactly the start of the ryhB transcript, 5Ј RACE was carried out. Total RNA was harvested from the classical biotype O395 and from the El Tor biotype N16961 grown under iron-limiting conditions, and 5Ј RACE was performed as described in Materials and Methods. The results from four independent RNA samples, two from each strain, demonstrated that the cDNA generated from the ryhB transcript (3Ј-CAGAATCCC . . .-5Ј) is in agreement with the start site (5Ј-GTCTTAGGG . . .-3Ј) shown for V. cholerae ryhB in Fig.  1A .
Analysis of potential V. cholerae RyhB targets identified by sequence analysis. Because RyhB in E. coli has been shown to function by base pairing with target mRNAs, a BLAST search of the complete V. cholerae genome was performed using the full-length V. cholerae RyhB to find sequences exhibiting stretches of identity with this sRNA (data not shown). Among the putative targets identified in this way are sodB (sequence complementarity to RyhB in the 5Ј untranslated region of the predicted sodB mRNA [ Fig. 1D] ) and the bfd-bfr putative operon (homology to RyhB within the intergenic region between bfd and bfr [data not shown]), both of which loci have been shown to be regulated by RyhB in E. coli (26) . The region of V. cholerae RyhB predicted to hybridize to each of these targets overlaps the region highly conserved between E. coli and V. cholerae RyhB (Fig. 1A and D and data not shown) . To test the prediction of regulation by RyhB, Northern analysis of RNA isolated from O395 (wild type) and ARM572 (ryhB⌬::kan) grown to late log phase in iron-limited media was performed using probes specific for sodB and bfd. The sodB transcript was clearly more abundant in the ryhB mutant, consistent with alleviation of RyhB repression in this strain; however, no such effect was seen for the bfd-bfr transcript (Fig. 3B) . These results were confirmed by microarray analysis of strains grown under conditions similar to those used for the Northern analyses (Table 3 and data not shown). Although no effect of RyhB on bfd-bfr transcription was seen, these genes are iron regulated in V. cholerae, and expression was increased Ͼ2-fold in low-iron medium (Mey et al., unpublished) .
Identification of V. cholerae RyhB targets by microarray analysis. Very few targets of V. cholerae RyhB were identifiable by homology searching, including most of the genes previously shown to be RyhB regulated in E. coli. For example, none of the genes encoding the succinate dehydrogenase complex exhibited obvious stretches of homology with RyhB in a BLAST search, yet the sdh operon is among the most highly conserved targets of RyhB regulation identified to date (26, 59) . To study the V. cholerae RyhB regulon, microarrays were used to compile the expression profile of a V. cholerae ryhB mutant, as well as a RyhB-overexpressing strain (Tables 3, 4 , and 5). Several genes known to be subject to posttranscriptional negative regulation by RyhB in other organisms, including sodB (26, 59) , the sdh operon (26, 59) , and fumA, encoding fumarate hydratase (26) , appear also to be targets for RyhB 
a RNAs were isolated from the parental strain and the ryhB mutant or from the ryhB mutant and the ryhB overexpression strain grown to late log phase and analyzed using microarrays.
b Mean expression of gene was at least twofold lower in the ryhB mutant of N16961 than in the wild-type parental strain in three arrays.
c Mean expression of gene was at least twofold higher in the ryhB mutant of O395 overexpressing ryhB than in the ryhB mutant carrying the vector in three arrays.
d Mean expression of gene was at least twofold lower in the ryhB mutant of O395 than in the wild-type parental strain in three arrays. regulation in V. cholerae (Table 3 ). The aconitate hydratase gene, acnA, which is repressed by RyhB in E. coli, showed consistent but weak (a Ͻ2-fold change) regulation by V. cholerae RyhB under the conditions used for the arrays and is therefore not listed in Table 3 . Other enzymes involved in or linked to the TCA cycle were also repressed by RyhB in V. cholerae. These include citrate synthase and oxaloacetate decarboxylase (Table 3) .
A major group of V. cholerae genes whose expression is reduced by RyhB contains genes encoding respiration and energy metabolism proteins, particularly components of electron transport. These include cytochrome oxidases, NADHubiquinone oxidoreductase, E1 and E2 components of complex I, and the RnfEGDB-related proteins. The rnf genes were identified in Rhodobacter capsulatus as nitrogen fixation genes encoding a putative membrane complex involved in electron transport to nitrogenase (47) . Notably, this group includes proteins predicted to contain iron, in either an iron-sulfur cluster or heme. Regulation by RyhB would couple the expression of these proteins to the level of iron in the cell and to the levels of TCA cycle enzymes.
In addition to the metabolic genes, the levels of some genes encoding membrane proteins were influenced by ryhB expression. Expression of the genes encoding the outer membrane proteins OmpT and OmpU was affected by RyhB (Tables 3  and 4 ). In the ryhB mutant, expression of ompT was reduced 32-fold, making it the most highly regulated target in our arrays, and ompU was increased over 3-fold. Mutations in relA (15) and toxR (32) have also been shown to have reciprocal effects on the regulation of these two genes; a relA mutant increased ompU and decreased ompT expression, while toxR mutants have increased ompT and decreased ompU expression. This suggests that RyhB could be required for RelA synthesis or could be reducing the expression of toxR. However, no significant regulation of either relA or toxR, or of any known downstream targets of these regulators, was seen in the ryhB mutant or in the strain overexpressing ryhB under the conditions tested (data not shown).
Several of the membrane or secreted proteins identified in the microarray analysis are iron-regulated proteins. Components of the ferrichrome (Fhu), ferrous iron (Feo), and enterobactin (IrgA) transport systems were induced when RyhB was expressed (Table 4) . This may reflect a slight iron starvation caused by increased expression of iron-containing proteins that are normally repressed by RyhB. In contrast, expression of the hemolysin gene, which is also repressed by iron (48) , was reduced by RyhB (Table 3) . ABC transporters were identified that were up-regulated (Table 4) or down-regulated (Table 3) by RyhB, but they are not known to contain iron or to have a metabolic role related to iron metabolism.
rpoS expression was lower in a ryhB mutant (Table 4) , but reduced RpoS does not appear to be responsible for the changes in gene expression observed in the microarray experiments. Only one of the genes identified by Yildiz et al. (62) as being expressed at a reduced level in microarray analysis of an rpoS mutant was also expressed at a lower level in the ryhB mutant (VCA0568) ( Table 4) , and the fumarate reductase genes (VC2657 and VC2658) that have reduced expression in the rpoS mutant of V. cholerae (62) are up-regulated in the ryhB mutant (Table 3 ).
An additional category of genes whose expression was reduced in the ryhB mutant includes those encoding functions related to motility, chemotaxis, and cell surface antigens (Table 5). In particular, expression of a number of genes involved in flagellar synthesis is lower in the ryhB mutant than in the parental strain. Because these genes are associated with biofilm formation, we determined the effect of a ryhB mutation on biofilm production.
RyhB is required for biofilm formation in V. cholerae. We tested biofilm formation in the classical strain O395 and in the El Tor strain N16961 and found that N16961 forms a much more robust biofilm than does O395 under our assay conditions. We therefore tested the effect of RyhB in biofilm formation in the El Tor strain. The same ryhB deletion mutation in ARM572 was made in the N16961 background, and the El Tor ryhB mutant (ARM711) was compared with the parental strain in a biofilm assay. An mshA mutant of N16961, SAC101, which does not form the mannose-sensitive hemagglutinin (MSHA) pilus necessary for the primary attachment to the substrate and therefore cannot initiate wild-type biofilm growth (55, 56) , was used as the negative control in these assays. Figure 4 shows that the ryhB mutant ARM711 is a very a RNAs were isolated from the N16961 ryhB mutant and its parental strain grown to late log phase and analyzed using microarrays. Genes whose expression was at least two-fold lower in the mutant strain in each of three arrays are shown.
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poor biofilm producer compared with its parental strain, N16961, exhibiting biofilm growth comparable to that seen in the negative control strain SAC101. Planktonic growth rates, as measured by determining the optical density of the nonadherent cell suspension within the well, were comparable for all three strains (data not shown), indicating that the reduced biofilm was not due to poor growth of the mutant. Biofilm formation was restored when ryhB was supplied on a plasmid, pAMR72. These data indicate that RyhB is necessary for biofilm formation in N16961 under the conditions used. To determine whether the additional 5Ј sequences of V. cholerae RyhB, compared with E. coli RyhB, play a role in biofilm formation, a plasmid (pAMR73) carrying an ryhB allele missing 60 nucleotides at the 5Ј end was constructed (Fig. 1A) . The ryhB mutation was partially complemented by pAMR73, albeit not to wild-type levels. This suggests that the unique 5Ј region of V. cholerae RyhB does not contain sequence-specific information required for regulating a target involved in biofilm growth. Rather, failure to entirely complement the biofilm defect may be related to the stability of the 5Ј-deleted sRNA; it was determined by real-time PCR that the level of the 5Ј-deleted transcript is approximately 25% of that of the fulllength RyhB expressed from the same vector and approximately 60% of that of RyhB expressed from the chromosomal ryhB gene (data not shown). The V. cholerae biofilm defect can be rescued by the addition of excess iron or succinate. RyhB has been shown to play an important role in cellular iron metabolism in other organisms. Therefore, we decided to study the relationship between iron status and biofilm growth in V. cholerae (Fig. 5) . Addition of excess iron to the biofilm assay medium restored biofilm formation in the ryhB mutant strain, suggesting that the presence of iron overrides the biofilm defect associated with loss of RyhB. Iron did not rescue the mshA mutant for biofilm growth (Fig. 5) , nor did it greatly enhance biofilm formation in the wild-type strain N16961 (Fig. 6) . These data suggest that the ryhB mutant may be somewhat iron stressed in the biofilm assay medium compared with the parental strain. The iron stress experienced by the ryhB mutant is likely to be fairly subtle, since the planktonic growth of the ryhB mutant in this medium was comparable to that of the parental strain ( data   FIG. 4 . RyhB is required for biofilm formation in the El Tor strain N16961. The amount of biofilm formed by each strain was determined as described in Materials and Methods and is expressed as a percentage of the biofilm formed by the wild-type (wt) parental strain N16961 grown under the same conditions. Means and standard deviations of three independent experiments are shown. not shown). Adding iron chelators to the biofilm medium further compromised biofilm growth in the ryhB mutant (data not shown) and adversely affected biofilm formation in the wildtype strain as well, even at concentrations that did not inhibit the planktonic growth of the wild-type strain (Fig. 6 ). These data are consistent with a role for iron and RyhB in the regulation of biofilm formation. One of the most conserved functions of RyhB in E. coli, P. aeruginosa, and V. cholerae is the regulation of the succinate dehydrogenase operon (Table 3) . Interestingly, adding exogenous succinate to the biofilm medium restored biofilm formation in the ryhB mutant in a concentration-dependent manner (Fig. 5) . This does not appear to be due to iron contamination of the succinate preparation, since succinate rescued the biofilm defect of the ryhB mutant even in the presence of high levels of the iron chelator EDDA (Fig. 5) . The succinate effect is specific for the ryhB pathway and did not restore biofilm formation in the mshA mutant (Fig. 5) .
Roles of iron and RyhB in switching from the smooth to the rugose colony type. V. cholerae grown under nutrient starvation conditions can exhibit two distinct colony morphologies: smooth and rugose. The rugose morphology is associated with elevated production of exopolysaccharide (EPS) (63) , which is also a hallmark of cells growing in biofilms (56) . Thus, mutants unable to switch to the rugose morphotype may also have defects in biofilm formation. To test the roles of iron and V. cholerae RyhB in rugose switching, strains were grown under conditions known to promote high-level switching of N16961 (1). The results (Table 6) show that the N16961 ryhB mutant, although able to switch, did so at a consistently lower frequency than the wild-type strain. In addition, iron starvation inhibited the smooth-to-rugose transition, since increasing concentrations of the iron chelator EDDA in the medium reduced and ultimately eliminated rugose switching in either the wild-type or the ryhB mutant strain (Table 6 ). Supplementation of the medium with excess iron dramatically increased the percentage of rugose colonies in the ryhB mutant strain, consistent with results from biofilm assays showing that iron can rescue the biofilm defect of the ryhB mutant. These results suggest that iron plays a role in regulating EPS production and that RyhB may be involved in some aspect of this regulation. However, this is clearly not an absolute requirement, since rugose switching did occur in the ryhB mutant. The classical biotype strain O395 did not switch to the rugose morphotype in any medium tested, consistent with poor biofilm formation by this strain under our laboratory conditions. Iron and succinate do not stimulate rugose switching within biofilms of the N16961 ryhB mutant. Based on the observation that adding iron to the APW no. 3 medium increased the frequency of rugose switching in the N16961 ryhB mutant strain (Table 6) , it is possible that excess iron in the biofilm medium might also promote switching. The presence of even a very small number of rugose cells (fewer than 1% at the outset of the biofilm experiment; fewer than 10% at the time of biofilm harvesting) (14) within a population has been shown to result in wild-type levels of biofilm growth, both because the rugose cells outgrow their smooth counterparts and because the smooth cells become embedded in the copious EPS produced by the rugose cells. To test whether a proportion of the ryhB mutant cells growing in biofilms in the assay medium supplemented with iron had switched to the rugose colony type, adherent as well as planktonic cells were recovered from the assay wells and plated. Despite healthy biofilm growth in the presence of iron, none of the ryhB mutant cells had switched to the rugose morphotype (switching frequency, Ͻ10 Ϫ4 ). The role of exogenous succinate in the biofilm assay medium was similarly tested and found not to promote rugose switching in the N16961 ryhB mutant strain. These data suggest that, while iron and succinate may affect EPS production, they do so using a mechanism other than the phase-variable genetic change underlying rugose switching.
V. cholerae ryhB plays a role in chemotactic motility. Flagellar rotation and motility are closely linked to biofilm formation in V. cholerae (21, 56) . In the early stages of biofilm formation, motility is necessary for approaching a surface and for spreading across that surface to initiate microcolony formation (56) . In addition, nonmotile mutants with defects in the sodiumdriven flagellar motor exhibit decreased EPS expression and subsequently do not form wild-type three-dimensional biofilms (21) . In a chemotaxis assay, the N16961 ryhB mutant ARM711 consistently showed an approximately 50% decrease in swarm zone in low-iron conditions compared with its parental strain, while the mshA mutant was unaffected (Fig. 7A ). This suggests that RyhB is needed for optimal chemotactic motility. Thus, flagellum-dependent microcolony formation or the flagellumdependent signaling pathway leading to EPS production could FIG. 7 . The ryhB mutant has decreased motility and/or chemotaxis under conditions of iron starvation. The wild-type strain (N16961), the mshA mutant (SAC101), and the ryhB mutant (ARM711) were inoculated into chemotaxis agar containing 20 g/ml EDDA (A) or 40 M FeSO 4 (B) and incubated at 37°C for 8 to 10 h, after which the swarm zone of each strain was measured. a The strains shown were grown statically at 37°C for 24 hours in the indicated media and then plated on L agar to determine the percentage of rugose colonies. The experiment was repeated three times, and one representative data set is shown.
be compromised in the ryhB mutant strain. These results are consistent with the decrease in flagellar and chemotaxis gene expression observed in the microarray analysis of the ryhB mutant ( Table 5) . As was noted in the biofilm assays, the defect was suppressed by adding iron to the medium (Fig. 7B) . Interestingly, added succinate significantly increased the swarm zones of all the strains tested, including the wild-type and mshA mutant strains (data not shown), suggesting that V. cholerae may have a strong chemotactic response to succinate.
RyhB is not required for V. cholerae virulence. It has been shown that V. cholerae Hfq is required for the virulence of V. cholerae in infant mice (5) . Because RyhB likely acts in concert with Hfq, it is possible that RyhB is also required for some aspect of virulence. To test this, the infant mouse model of V. cholerae intestinal colonization was used. In this assay, equal numbers of the ryhB mutant and its parental strain were inoculated intragastrically into 5-day-old infant mice, and the ability of the mutant strain to compete with the wild-type strain was assessed by determining the ratio of viable mutant cells to wild-type cells recovered after 24 h. Because the classical strain O395 and the El Tor strain N16961 display differences in virulence gene expression and in biofilm formation, we tested both the 0395 ryhB mutant ARM572 and the N16961 ryhB mutant ARM711. The 0395 mutant showed no defect in colonization ( Table 7) . The competitive index (the output ratio normalized to the input ratio) of the ryhB mutant was slightly above 1.0, suggesting that the ryhB mutant may have a small competitive advantage; however, since it is less that twofold, this result may not be significant.
The N16961 ryhB mutant also exhibited no defect in colonization compared with its parental strain ( Table 7) . In fact, ARM711 appears to have an even greater competitive advantage over its parental strain than that exhibited by the O395 ryhB mutant ARM572 over its parent. This effect was not observed when a 10-fold-smaller inoculum size was administered.
DISCUSSION
In this study, we provide the initial characterization of V. cholerae RyhB. This small RNA is a functional homolog of E. coli RyhB, and like the E. coli RNA, it represses the synthesis of SodB and several TCA cycle enzymes. V. cholerae and E. coli RyhB share significant overall sequence similarity; the central portions of V. cholerae RyhB and E. coli RyhB are identical at 31 of 34 nucleotides. The region of E. coli RyhB involved in base pairing with the sodB message in E. coli is contained within this highly conserved stretch. In addition, a 22-nucleotide stretch with nearly complete complementarity (20-out of 22-nucleotide complementary) to V. cholerae RyhB was found upstream of sodB in the N16961 genome (16) (Fig. 1D) , suggesting a base-pairing mechanism of regulation by RyhB similar to the one described in E. coli. Consistent with these findings, it was clear from Northern analyses (Fig. 3) , microarrays (Table 3) , and real-time PCR (data not shown) that sodB is one of the most highly regulated targets of RyhB in strains representing both the classical and the El Tor biotypes of V. cholerae. Among other predicted targets, based on RyhB function in E. coli and P. aeruginosa, were the succinate dehydrogenase operon, aconitase, and fumarase, all of which appear to be RyhB regulated in V. cholerae as well, as determined by microarray analysis. Many other genes involved in cellular metabolism, including aerobic-and anaerobic-respiration and electron transport genes, were identified in microarrays as possible RyhB targets in V. cholerae. Several of these are downregulated in the ryhB mutant, suggesting either repression of an upstream negative regulator by RyhB in the well-documented manner or direct positive regulation of these targets by RyhB, possibly through stabilization of the mRNA. This mode of direct positive regulation by a small RNA was recently described for the GadY sRNA, which induces the acid response regulator GadX by stabilizing its mRNA (38) ; however, no such activity has been reported for RyhB.
Although V. cholerae RyhB functions similarly to E. coli RyhB, there are distinctive features of V. cholerae RyhB, perhaps the most intriguing of which is its greater length. Whereas E. coli RyhB is 90 nucleotides long, V. cholerae RyhB is expressed as an RNA molecule of Ͼ200 nucleotides. It does not appear that the V. cholerae RyhB transcript is further processed, at least not under the conditions tested, since no lowermolecular-weight species were detectable in any significant amounts in Northern analyses. In addition, only one transcriptional start site for ryhB was detected by 5Ј RACE. Thus, the unique 5Ј and 3Ј regions of the RyhB transcript are likely part of the mature expressed sRNA and may contain sites for interactions with additional targets in V. cholerae. Among the putative targets identified through a BLAST search of the V. cholerae genome with the extended regions of V. cholerae RyhB, none showed up in our arrays as being RyhB regulated. However, in the absence of information about the folding of the RNA and the locations of bases available for interactions with targets, it is not possible to rule out a direct role of these sequences in regulation of target genes. The 5Ј region may also be important for the structure or stability of the sRNA molecule in V. cholerae. The RyhB⌬5Ј sRNA still regulated sodB expression, but to a lesser extent than the full-length RyhB produced from the same vector (data not shown). In addition, RyhB⌬5Ј was expressed at a lower level than wild-type RyhB (data not shown).
At least one of the genes regulated by RyhB in E. coli (the ferritin gene bfr) is not regulated by RyhB in V. cholerae. In E. coli, the bfd and bfr genes, although apparently linked (2) , are oppositely regulated in response to iron and Fur. While bfd is induced in low iron, consistent with classical Fur-mediated regulation, bfr is repressed (J. M. Grogan, unpublished data, a The competitive index of the specified strain relative to its wild-type parental strain was determined by normalizing the output ratio of the two competing strains to the input ratio, as described in Materials and Methods.
b ARM572 competed against O395. c ARM711 competed against N16961. d Ten-fold-lower inoculum.
cited in reference 42). This repression is mediated through RyhB, but the mechanism is not known (26) . In V. cholerae, both bfd and bfr are negatively regulated by iron and Fur (Mey et al., unpublished) , and there is no evidence that the bfd-bfr transcript is a direct target of V. cholerae RyhB (Fig. 3 and data not shown). Interestingly, significant homology to V. cholerae RyhB was found upstream of bfr in N16961 (data not shown), leaving open the possibility that a level of regulation exists that was not detectable under the conditions used in our studies. However, the identity is with the coding strand, not the template strand, which would entail a mechanism for RyhB regulation different than base pairing with the mRNA. It has been suggested that a Fur-regulated antisense RNA may be encoded within E. coli bfd-bfr (2); such an antisense RNA within the V. cholerae bfd-bfr locus could be a potential target for RyhB. Some of the altered regulation seen in the V. cholerae ryhB mutant may reflect alterations in iron metabolism. Clues that the V. cholerae ryhB mutant may be somewhat iron stressed were gained from the microarray analyses. A number of the genes whose expression was altered in the absence of RyhB or in the presence of RyhB overproduction encode proteins involved in iron transport or ones that require heme or iron for their functions. The iron-and Fur-regulated hemolysin gene hlyA is consistently derepressed in the ryhB mutant. The rfnrelated cluster, which includes a putative iron-sulfur cluster protein-encoding gene, rfnB, is also repressed by RyhB. The rnf operon from Rhodobacter capsulatus was shown to be repressed in low iron (18) , consistent with iron regulation via a mechanism similar to the V. cholerae RyhB circuit. However, it is not the case that the entire iron regulon is affected, i.e., there is not a global switching on of all the iron-regulated genes, which would be the expected result under iron starvation conditions. In fact, the fhu, feo, and ent iron transport systems, which are negatively regulated by iron and Fur in V. cholerae (45; Mey et al., unpublished), were repressed in a ryhB mutant. Further, there was no effect of the ryhB mutation on growth of the cells under the conditions used for microarray analysis of RNA levels (data not shown). Rather, these results point to a more subtle effect on iron homeostasis.
The ability of V. cholerae to form biofilms in aquatic environments is critical for its persistence in these environments and for efficient spread to the human host (13) . Interestingly, iron appears to play an integral role in the regulation of biofilm formation in the El Tor strain N16961. Adding iron chelators to the assay medium at levels that did not inhibit planktonic growth caused a concentration-dependent decrease in biofilm production in the wild-type strain. Further, rugose switching was suppressed in the wild-type strain in the presence of iron chelator, even though the density of the culture reached the critical point at which rugose switching begins to occur in iron-replete media (data not shown). This suggests that the effect of iron stress on EPS production and biofilm formation is not simply a result of reduced growth in low-iron conditions. Moderate (subbacteriostatic) iron limitation has been linked to poor biofilm formation in several other bacterial species, including P. aeruginosa and Staphylococcus aureus (58) , suggesting that sensitivity of biofilms to small shifts in iron homeostasis may be a common theme among bacterial pathogens. In V. cholerae, this effect could be mediated via RyhB. The N16961 ryhB mutant, although able to maintain wild-type planktonic growth in the biofilm medium, failed to form biofilms unless excess iron was added, signaling that the ryhB mutant probably does experience subtle iron stress within the biofilm. In addition, the N16961 ryhB mutant exhibited decreased chemotaxis in low-iron, but not high-iron, medium and was more sensitive to iron chelators than its wild-type parental strain (data not shown). These data are consistent with the expression profile of a ryhB mutant, indicating that RyhB is necessary for regulating normal cellular iron metabolism.
There are several direct mechanisms by which RyhB could influence biofilm formation in response to iron limitation. A constitutively expressed target of RyhB, which would normally be repressed by RyhB in iron-depleted medium, since RyhB is maximally expressed under those conditions, might be inappropriately turned on. Such a target could be the succinate dehydrogenase operon, which is highly up-regulated in the RyhB mutant. The net effect of this would likely be significantly lower cellular succinate levels. It has been proposed that succinate may be a component of the EPS produced by V. cholerae growing in biofilms (62) . Interestingly, adding exogenous succinate to the growth medium restored biofilm formation in the ryhB mutant, suggesting that succinate bypasses the RyhB requirement. Since high levels of iron in the medium do not repress the expression of sdh in the ryhB mutant (data not shown), it is not completely clear why adding iron would overcome the succinate depletion potentially caused by increased succinate dehydrogenase activity in the ryhB mutant. Ironreplete cells may simply contain higher levels of all TCA cycle intermediates due to the increased growth rate and respiration under those conditions. It is also possible that the formation of iron-sulfur clusters, which are an integral part of the succinate dehydrogenase complex, is somewhat decreased in high iron, since one set of genes involved in their assembly (suf) is negatively controlled by iron and Fur (27, 41) . Another gene whose overexpression in the ryhB mutant could negatively influence biofilm formation is ompU. In Vibrio anguillarum, eliminating ompU caused a 10-fold increase in biofilm growth, suggesting that OmpU has an inhibitory effect on biofilm formation (54) .
The effects of RyhB on biofilm formation may also reflect the reduced expression of flagellar genes in the ryhB mutant. The microarray analysis indicated that the ryhB mutant had decreased expression of a number of genes in the motility and chemotaxis pathways, suggesting that the proper assembly and function of flagella may be affected by RyhB. The microarray results are consistent with the observed decrease in motility of the N16961 ryhB mutant ARM711 under low-iron conditions (Fig. 7) . Reduced motility may directly inhibit biofilm formation or may affect biofilm formation by interfering with the flagellum-dependent signaling pathway that regulates EPS production (21) . These hypotheses are under investigation.
Biofilm formation in V. cholerae is a complex process. In strains that possess a functional HapR, the relationship between quorum sensing and biofilm formation has been clearly established. When these strains are at low cell density, two known quorum-sensing pathways and at least one unknown pathway converge to phosphorylate the central regulator LuxO (31) . LuxO in its phosphorylated state acts via Hfq and four sRNAs to repress the expression of HapR (22, 51, 65) . Since HapR is a negative regulator of the vps cluster that controls VOL. 73, 2005 V. CHOLERAE RyhB 5717
on September 10, 2017 by guest http://iai.asm.org/ synthesis of EPS, the net result is EPS production and biofilm growth (14) . However, many toxigenic, virulent strains of V. cholerae, including O395 and N16961, contain defective hapR alleles, and thus, it is not clear if there is a link between the LuxO-mediated pathways and biofilm formation in these strains. In strains possessing a functional HapR, mutating HapR is associated with the rugose phenotype, consistent with the role of HapR in repressing the vps genes. Thus, it might be expected that V. cholerae strains that do not encode a functional HapR are by default rugose; however, this is clearly not the case, since N16961 and O395 are both smooth under laboratory conditions. Because N16961 is capable of rugose switching, and because the N16961 rugose variant produces higher levels of EPS and more robust biofilms than the smooth cells (1) , it follows that a negative regulatory circuit separate from the HapR pathway exists in this strain. The recent discovery that an Hfq-dependent sRNA pathway regulates the integration of quorum-sensing signals with biofilm formation in a HapR ϩ strain (22) suggests the possibility that a separate sRNA pathway could be involved in the negative regulation of EPS production and biofilm formation in HapR Ϫ strains. While our studies show that RyhB is required for wild-type biofilm growth, consistent with repression by RyhB of a negative regulator of biofilm formation, overproduction of RyhB in N16961 did not result in a rugose phenotype or in increased biofilms (data not shown), indicating that RyhB probably does not directly regulate the phase-variable rugose-switching pathway in N16961.
Many small RNAs require Hfq, and V. cholerae has a functional Hfq protein (5, 22) . It was shown recently that Hfq is required for V. cholerae virulence in both a HapR ϩ (20) and a HapR Ϫ (5) strain background. In the HapR ϩ strain, Hfq and multiple small RNAs were required for expression of the toxincoregulated pilus (TCP) (22) , a key virulence determinant of V. cholerae, whereas in the HapR Ϫ strain, no such effect on TCP expression was seen (5) . This emphasizes that the sRNA pathways leading to virulence gene expression and biofilm formation in HapR ϩ and HapR Ϫ strains are fundamentally different. We investigated whether V. cholerae RyhB might be involved in Hfq-mediated regulation of virulence in the hapR mutant strains N16961 and O395. This is probably not the case, since a ryhB mutant in either O395 or N16961 exhibited no defects in the ability to compete with the parental strain during intragastric growth.
The ability to form biofilms or to properly regulate biofilm formation has been shown to be important for V. cholerae virulence. Excessive biofilm formation in V. cholerae impedes colonization of infant mice (43, 57, 64) , while eliminating biofilm growth altogether may negatively impact growth in vivo, as has been reported for strains with mutations in galU (35) , vpsR (43) , and motX (21) . However, there are examples of mutations that eliminate biofilm formation but do not affect virulence, including mutations in the structural gene for the MSHA pilus, mshA (50); in galE (35) ; and, as reported here, in ryhB, indicating that biofilm growth per se may not be required for colonization of the mammalian host. Rather, the link between absent or inappropriate biofilm formation and colonization defects could be explained by the coordinate regulation of biofilm formation and virulence gene expression in many V. cholerae strains (14, 21, 31, 57, 64, 65) . Nevertheless, by contributing to the environmental persistence and infectivity of V. cholerae (13) , biofilms should be considered an important aspect of the pathogenic potential of this organism.
